Citation: Pilotto E, Guidolin F, Convento E, et al. En face optical coherence tomography to detect and measure geographic atrophy. Invest Ophthalmol Vis Sci. 2015;56:8120-8124. DOI:10.1167/iovs.15-17366 PURPOSE. To detect and quantify geographic atrophy (GA) secondary to age-related macular degeneration using en face optical coherence tomography (OCT) and to correlate it to GA measured with fundus autofluorescence (FAF).
G eographic atrophy (GA) represents the atrophic late-stage manifestation of dry AMD. 1 Geographic atrophy is characterized by the loss of photoreceptors, retinal pigment epithelium, and choriocapillaris within the macula. Therefore, GA is a significant cause of moderate to severe central visual loss. The areas of GA slowly progress over time. 2 Geographic atrophy is usually assessed by color fundus images or, more recently, by fundus autofluorescence (FAF), using both blue and near-infrared FAF (B-FAF and NIR-FAF). [3] [4] [5] Optical coherence tomography (OCT) is a noninvasive tool that provides retinal cross-sectional images of the posterior pole. More recently, the introduction of spectral-domain (SD)-OCT has provided further improvement in imaging speed and resolution compared with previous time-domain OCT. The simultaneous recording of confocal scanning laser ophthalmoscopy and SD-OCT images in one instrument, with an exact topographic overlay during image acquisition, allows for accurate orientation of cross-sectional SD-OCT scans at anatomic sites of interest, and serial examinations at the same location over time. 6 On the SD-OCT B-scan GA is characterized by a choroidal signal enhancement that correlates well with the hypoautofluorescent area measured on FAF. 6, 7 The advent of enhanced-depth imaging SD-OCT (EDI-OCT) allows a better in vivo examination of the choroid than standard SD-OCT. 8 Enhanced-depth imaging OCT has reappraised the clinical interest toward choroid in AMD. 9, 10 A new approach for imaging the fundus uses the en face OCT mode. As a complement to conventional B-scan OCT, en face OCT provides a coronal full macular view at different depth levels, and may provide additional anatomic insight of this disease. 11 The en face images differ according to the different position of the coronal scan into the retina or in choroid. Therefore, en face OCT may provide additional morphologic insight in many macular diseases. [12] [13] [14] The increased OCT choroidal signal associated with GA results in the visualization of GA areas on choroidal (CH) en face OCT image, whereas loss of OCT signal in the outer retina (OR) also allows visualization of GA on en face OCT images. 15 The purpose of this study was to detect and quantify GA by means of SD-OCT using both standard (STD) and EDI OCT acquisition mode, viewing en face OCT images at different depth levels and to correlate the en face OCT GA area to the GA area obtained by means of FAF.
METHODS Patients
Patients affected by GA were consecutively enrolled in this observational, cross-sectional study. Patients were aged older than 55 years. The inclusion criteria were presence of unifocal or multifocal GA secondary to AMD in at least one eye at fundus examination. Exclusion criteria were significant media opacities, clinical evidence of choroidal neovascularization, any evidence of diabetic retinopathy, myopia > 6 diopters (D), glaucoma, previous macular laser treatment, signs or history of hereditary retinal dystrophy. Eyes in which macular GA was confluent with the peripapillary atrophy were excluded. Patients were also excluded if GA extended outside the central OCT scanning area (a square centered on the fovea with dimensions 6 3 6 mm).
Fluorescein angiography was performed only if there were presumed signs of neovascular AMD (extracellular fluid, hemorrhages, exudates, or fibrosis), if confirmed eyes were excluded from the study. This study was conducted in accordance with the tenets of the Declaration of Helsinki, and with the approval of our Institutional Ethical Committee.
After a detailed explanation of the purpose of this study, all enrolled patients signed a written consent form. The ophthalmologic examination consisted of: refraction and best corrected visual acuity determination, anterior segment examination, 90-diopter lens biomicroscopy, fundus photography, FAF, and OCT. All imaging modalities were performed under mydriasis.
Fundus Autofluorescence
Fundus autofluorescence was performed as previously described. 16 Briefly, in vivo acquisition of blue (B)-and nearinfrared (NIR)-FAF was performed with a confocal scanning laser ophthalmoscope (Heidelberg Retinal Angiograph, HRA2; Heidelberg Engineering GmbH, Heidelberg, Germany). The automatic real-time averaging mode (ART), when activated, allows for adjustment of the recorded frames to obtain averaged scans, which enhances image quality by reducing movement artifacts and optimizes the signal-to-noise ratio. 6 For the purpose of this study, the ART was set at 100 frames to obtain best quality of FAF (it means that each image was averaged from 100 acquired frames). To measure the areas of GA, unifocal or multifocal circular areas of reduced FAF signal were measured by outlining them using the image analysis software (Heidelberg Eye Explorer; Heidelberg Engineering GmbH), which measures region overlay. 16 Using this tool, pixel area is automatically converted into square millimeters. The total area was calculated for each single image. In order to assess the intraoperator repeatability, the grader repeated the measures twice, at least 24 hours apart.
En Face SD-OCT
En face OCT was obtained using the imaging system (Spectralis; Heidelberg Engineering GmbH). The device uses a superluminescence diode emitting a scan beam at a wavelength of 870 nm. The retina is scanned at a speed of 40,000 A-scans/second with an axial resolution of 3.9 lm and a transversal resolution of 14 lm. The eye tracking and ART of the imaging system (Spectralis; Heidelberg Engineering GmbH) were used throughout the study. The eye tracker enables each OCT scan to be registered and locked to a reference image. We set ART at 50 frames.
For the purpose of the study 20 3 208 (5.90 3 5.90 mm) volume scans centered onto the fovea, using both EDI and STD OCT scan modality, were acquired. Ninety-seven horizontal scans 60 lm apart were obtained.
Recently, SD-OCT devices allow to visualize transverse coronal scans (C-scans), also called en face images. En face images differ according to different position of the coronal scan into the retina or in the choroid. Using the automatic retinal segmentation of the device to define the depth level, two different en face OCT images were generated: the outer retinal (OR) and the choroidal (CH) en face images. The en face OR image was obtained considering a segmentation reference line passing through the outer retinal layers, located at 25 lm from the Bruch's membrane. The en face CH image was obtained considering a segmentation line, parallel to the previous one, located in the choroid, at 50 lm from the Bruch's membrane (Fig. 1) . The automatic segmentation line, at the level of the Bruch's membrane, was used as the reference line. This line was manually reviewed if algorithm failed.
Both outer retinal and CH en face images were obtained both for STD and for EDI volume scans, therefore four different en face images were visualized and analyzed for every single studied eye.
To measure the GA area, two independent experienced graders (RA, FG) manually outlined the areas of GA on the en face images using the image analysis software (Heidelberg Eye Explorer; Heidelberg Engineering GmbH; Fig. 1) . 16 In order to assess the intraoperator repeatability, one grader (RA) repeated the measures twice, at least 24 hours apart. Both graders were blind from the FAF images, which were measured by a different experienced operator (FGS).
Statistical Evaluation
Analysis was performed to assess intra-and intergrader agreement of GA measurements using en face imaging modalities. In addition to intraclass correlation coefficient (ICC) calculations, Bland-Altman plots were constructed to determine limits of agreement.
Statistical analysis to assess the correlation between FAF and en face OCT was done using the intraclass correlation coefficient calculations, Bland-Altman plots and the equivalence test. We evaluated the equivalence of STD and EDI, with both OR and CH en face measures, versus NIR-FAF and B-FAF by means of two one-sided test method. The null hypothesis (H0) was the means of the two samples differ. The alternative hypotheses (H1) was the means of the two samples were equivalent. Our aim was to prove the alternative hypotheses (H1).
A range of 615% of FAF mean values was assumed as interval of clinical equivalence. The mean value and 95% confidence interval of the differences between EDI/STD and FAF were calculated. We accepted the equivalence assessment if the 95% confidence interval of the difference between the mean values of EDI or STD and FAF resulted completely within the equivalence interval.
The data obtained were analyzed using PROC MIXED procedure with statistical software (SAS 9.2; SAS Institute, Cary, NC, USA). A value of P < 0.05 was considered statistically significant.
RESULTS
Twenty-four consecutive patients (27 eyes) affected by GA were studied. Mean age was 80. 38 Using EDI acquisition mode, the intraoperator repeatability was also excellent, both at OR and at CH level; ICC 0.99 (95% CI 0.991-0.98) and ICC 0.99 (95% CI 0.98-0.99), respectively.
The intraoperator agreement was corroborated by BlandAltman plots (Supplementary Fig. S1 ).
Interoperator Agreement
Using STD OCT acquisition mode, the interoperator agreement was excellent both at OR level and at CH level: ICC was 0.98 (95% CI 0.95-0.99) and 0.90 (95% CI 0.78-0.95), respectively.
Using EDI OCT acquisition mode, the interoperator agreement was excellent both at OR and at CH level; ICC was 0.97 (95% CI 0.94-0.99] and 0.95 (95% CI 0.88-0.98), respectively. Bland-Altman plots showed a trend with nonuniformity of variance, as seen in STD modality. The interoperator agreement was corroborated by Bland-Altman plots (Supplementary Fig. S2 ).
Correlation Between FAF and En Face SD-OCT Images
Mean GA area measured on B-FAF better correlated to GA area measured at OR level than at CH level, both on STD and EDI modality. Intraclass correlation coefficient was 0.95 (95% CI 0.90-0.98) at OR level and 0.89 (95% CI 0.77-0.95) at CH level on STD modality. Intraclass correlation coefficient was 0.96 (95% CI 0.91-0.98) at OR level and 0.91 (95% CI 0.81-0.95) at CH level on EDI modality ( Table 2) .
Area of GA measured on NIR-FAF highly correlated to GA area measured at OR level, both on STD and EDI modality (ICC: Table 2 ).
The equivalence test was statistically significant between both FAF images and en face OCT at OR level for both STD and EDI OCT acquisition mode, with the confidence interval being completely inside equivalence interval (B-FAF versus OR-STD, P ¼ 0.0057; B-FAF versus OR-EDI, P ¼ 0.0090; NIR-FAF versus OR-STD, P ¼ 0.0131; NIR-FAF versus OR-EDI, P ¼ 0.0036; Fig. 2) .
Moreover, the equivalence test was inconclusive between both FAF images and en face OCT at CH level (B-FAF versus CH-STD, P ¼ 0.1203; B-FAF versus CH-EDI, P ¼ 0.1080; NIR-FAF versus CH-STD, P ¼ 0.5332; NIR-FAF versus CH-EDI, P ¼ 0.5660; Fig. 2 ).
DISCUSSION
As a complement to conventional B-scan OCT, en face OCT is a new imaging modality, which allows a full extent, 2D view of the posterior pole, a topographical analysis and a close comparison with other 2D imaging modalities. In this study, En Face OCT to Detect and Quantify GA IOVS j December 2015 j Vol. 56 j No. 13 j 8122
we used en face OCT to analyze patients with GA secondary to AMD. Using this imaging modality, we found that GA area may be, not only easily visualized, but also quantified, independently to the OCT scan modality (STD or EDI). En face imaging, using a different OCT device (Cirrus HD-OCT; Carl Zeiss Meditec, Inc., Jena, Germany), has been previously used to detect GA area. 17 Some authors detected GA progression using OCT fundus image. Fundus OCT image is obtained summing the signal of each A-scan and viewing their relative values en face. 18 Using this approach, GA appears as a bright area, due to the high penetration of light into the choroid where RPE is absent. 18 The same authors analyzed GA using a different en face image approach, called subretinal (sub)-RPE slab, obtained with the same device. The sub-RPE slab is formed by axially projecting the OCT image data from the region below the RPE fit. 19 Areas of GA using these two different en face imaging modalities, the OCT fundus image and the sub-RPE slab, are highly correlated. 20 In the present study, we analyzed en face images obtained with a different SD-OCT device. The area of GA measured with en face OCT was compared with that on B-FAF and NIR-FAF images. Our findings show a good correlation between GA area of en face OCT images at OR level, both on B-FAF and on NIR-FAF images. Instead, the equivalent test was inconsistent between FAF images and en face OCT at CH level. Moreover, en face OCT at the OR retinal level allows us to identify reticular pseudodrusen. 15 Reticular pseudodrusen have been recognized as relevant risk factors in progressing GA, but their recognition was beyond the scope of our study. 19, 21, 22 A comparison between en face OCT and B-FAF, which images lipofuscin in the RPE, in the detection of GA has been previously done. 17, 20, [23] [24] [25] But, to the best of our knowledge, a correlation between en face OCT and NIR-FAF, which visualizes melanin in the RPE and choroid, has never been performed. 26, 27 As previously reported, GA area was larger on NIR-FAF than on B-FAF. 4, 5, 16 This finding has been reported in Stargardt disease too. 27 Interestingly, in the present study, on en face image, mean GA area was larger at OR layer level than at CH layer level, especially in EDI OCT acquisition mode, which allows a better penetration into both layers. The sequence of events in GA has been variously postulated. [28] [29] [30] [31] [32] [33] Our findings seem to confirm the hypothesis that in GA, photoreceptor atrophy and RPE changes, visualized by en face OCT image at OR level, occur before choriocapillaris loss. 34, 35 The small sample size is a major limitation of this study. But, the strength of our study is that the instrument, avoiding errors due to fully manual OCT segmentation, automatically generated the analyzed en face OCT images.
In conclusion, this study shows that GA can be reproducibly identified and quantified by means of en face OCT imaging. The GA area detected on the en face OCT is comparable not only to that quantified on B-FAF, but also to that quantified on NIR-FAF. The measured GA area is greater at the OR level than at the CH level, suggesting an earlier degenerative involvement of the outer retina and RPE than the underlying, longer surviving choriocapillaris.
